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NON-SYMMETRICAL LOADS IN A MODEL GRAIN BIN DURING 
ECCENTRIC DISCHARGE 
J. Horabik, C. V. Schwab, L J. Ross 
MEMBER MEMBER 
ASAE ASAE 
ABSTRACT 
Eccentric discharge imposes non-symmetrical bin wall 
and floor loads. A series of tests were conducted for 
different eccentric discharge orifice locations. Floor loads 
during eccentric discharge of 0.61 m diameter model bin 
were smaller on the side nearest the discharge orifice than 
on the opposite side. The horizontal pressure distribution 
around the circumference of the bin wall depends on the 
height of grain above the floor. KEYWORDS. Bin, Wheat, 
Loads, Friction, Eccentric discharge. 
INTRODUCTION 
Eccentric discharge results in an unequal horizontal pressure distribution along the circumference of a bin wall. Although there is disagreement in the 
literature about the location of the maximum of this 
horizontal pressure (Pieper, 1969; Thompson et al., 1986, 
reported this pressure on the orifice side; and Jenike, 1967; 
Colijn and Peschl, 1981, reported it on the opposite side), 
this non-uniform pressure distribution is considered to be a 
major cause of bin failures. 
Pieper (1969) found that the maximum horizontal 
pressure occurred on the orifice side of the bin from 
experiments conducted with off-center discharge in a 
model bin filled with sand. Discharge from a semi-
eccentric orifice produced a more non-symmetric pressure 
distribution than from an orifice located at the side wall. 
The pressure distribution on the bin wall where the orifice 
was located was different from that on the opposite side. 
Thompson et al. (1986) found, on a model bin filled with 
wheat, that the largest dynamic wall loads occurred during 
discharge from a semi-eccentric orifice rather than from an 
eccentric one near the wall. 
Jenike (1967) proposed a simplified theory to estimate 
pressures in the bin during eccentric discharge. He 
assumed that the ratio of the horizontal pressure of the 
flowing solid onto the wall to the horizontal pressure of the 
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Stationary solid onto the wall was equal to the ratio of the 
radius of the flow channel to the radius of the bin. Colijn 
and Peschl (1981) discussed the pressures on the bin wall 
during eccentric discharge assuming similarly to Jenike 
(1967), that pressure in the flow channel was less than the 
pressure in the stationary solid around the channel. Both 
considerations lead to the conclusion that the horizontal 
pressure on the bin wall should be larger on the side of the 
bin wall opposite to the eccentric orifice. 
Non-uniform horizontal pressure distribution along a 
bin wall circumference causes vertical and horizontal 
bending moments in the bin wall. A vertical bending 
moment results in ovalization of the bin (Jenike, 1967; 
Colijn and Peschl, 1981; Rotter and Berry, 1990; Necasek 
and Vrtel, 1990). A horizontal bending moment in the bin 
wall may cause structurally damaging buckling of the 
cylindrical wall. Bucklin et al. (1990) have evaluated the 
horizontal bending moment in a bin wall generated by 
differences in horizontal and vertical pressures on opposite 
sides of a model bin assuming that unbalanced wall loads 
resulted from a difference in the static and dynamic 
coefficient of friction on opposite sides of the bin when 
unloaded eccentrically. 
They concluded that additional research to accurately 
describe conditions in a bin during eccentric discharge was 
required. The purpose of this study was to determine the 
horizontal bending moment exerted on the wall and floor 
of a model bin during eccentric discharge. 
EQUIPMENT AND PROCEDURE 
Experiments were performed on a laboratory model, 
cylindrical bin 0.61 m in diameter and 2.44 m high. The 
bin was made of smooth galvanized steel. The main 
cylinder of the bin and flat floor were supported 
independenfly on load cells to isolate wall and floor loads. 
The total vertical wall load was determined from three load 
cells supporting the wall cylinder, and the total vertical 
floor load was determined from three load cells supporting 
the floor. Load cells supporting the wall cylinder were 
installed at the base of the cylinder, so that the vertical 
distance between the wall and floor load cells was 0.18 m. 
The load cells were located 0.56 m from the center of the 
bin and spaced at an angular distance of 120° apart. An 
additional bin, used for supplying the test bin with grain by 
a bucket elevator system, was supported on four load cells 
to measure total weight of grain transferred to and from the 
test bin. Off-center discharge from orifices at five different 
distances from the center of the bin was tested. Also, 
center discharge was tested to evaluate the non-uniform 
load distribution resulting from the filling technique and 
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inherent imperfections of the model bin. The distance from 
the center of the bin to the center of the orifice divided by 
the bin radius is defined as the eccentricity ratio (Bucklin et 
al., 1991). The six orifices used in these experiments had 
eccentricity ratios as follows: 0 (center orifice), 0.167, 
0.333, 0.5 (semi-eccentric orifice), 0.667, and 0.833 
(eccentric orifice). A schematic diagram of the model bin, 
load cells locations, and locations of orifices are shown in 
figure 1. Two different eccentricity axes for the discharge 
orifices were tested. One axis was directly aligned with a 
floor support load cell and the other axis split the angle 
between two load cell supports. The load cell locations 
relating to the coordinate system are shown in figure 2. The 
discharge orifice was 3.4 cm in diameter which provided a 
flow rate that gave a sliding velocity of grain down the bin 
wall of 2.9 m/h when plug flow existed in the test bin. Soft 
red winter wheat with a bulk density of 766 kg/m3 at a 
moisture content of 12% (wet basis) was used for all tests. 
The properties were monitored throughout the experiment. 
The bin was centrally filled from a spout. After completing 
the filling process, the filled bin was allowed to equilibrate 
for 1 h. The discharge portion of the tests was composed of 
recirculation and non-recirculation flow. During a 
recirculation flow test, the grain was discharged from the 
test bin and redeposited on the top surface of the grain in 
the test bin. After 30 min of a recirculation flow test, the 
non-recirculation flow test was begun and continued until 
the test bin was completely emptied. Data was recorded at 
1 min, intervals during the filling, equilibration and 
discharge processes. The loads were measured with an 
accuracy of ± 0.5 N. Each variant of the experiment was 
repeated three times. 
THEORY 
The floor and wall load components determined from 
three load cells each (Fj, F2, and F3) are more illustrative 
when transformed into the total vertical load (Fz) and two 
components of the horizontal moment (Mx, and My) 
according to the following transformation: 
Fz = F1+F2 + F3 (1) 
0.61m 
LOAD CELLS l U t 
A M . 
LQ^D CELLS 3 & 6 ^ 0 ^ ^ CELLS 2&5 
Figure 2-Top view load cells arrangement and the coordinate system. 
Mx = R (Fisinai + F2sina2 + Fssinas) 
My = R (Fjcosai + F2Cosa2 + F3Cosa3) 
(2) 
(3) 
The absolute value of the resultant horizontal moment, M, 
and the angle of the phase shift, OCQ, can be calculated from 
Mx and My components using simple transformation: 
M = V M ? + Ml 
a^ = arcsm 
My 
M 
forM ^0 
(4) 
(5) 
These three quantities, Fz, M, and oCo, are independent of 
angular locations of the load cells and represent a 
convenient measure of the total vertical load and the 
eccentricity. The load distribution among three load cells 
(Fi, F2, and F3) is a function of angular locations (ai, a2, 
and a3). The set of equations 1, 2, and 3 must be solved 
with respect to Fj, F2, and F3 treating Fz, Mx, and My as 
constant values with a i , a2, and a3 as independent 
variables to determine the distribution as a function of 
angular location. For the case with a symmetrical location 
of load cells, a2 - ai = 120° and a3 - a2 = 120°, the 
solution reduces to a sine function of the independent 
variable ai: 
F. = ^ + ( 2 M \ s in (a ,+ ao) 
^ 3 V 3R / 
(6) 
F, = ^ + ( M . ) s i n ( a i + ao + 120°) (7) 
3 V 3R / 
F3 = ^ + | ^ l ) s i n ( a i + a o + 240°) (8) 
which means that for the symmetrical location of the load 
cells in this test bin, the load distribution among three load 
Figure 1-Schematic diagram of the model bin. 
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cells, Fi, F2, and F3, follows a sine function of the load cell 
angular coordinate a. 
RESULTS 
Floor loads during eccentric discharge were 
significantly smaller, while wall loads were found to be 
significantly larger on the side of the bin nearest the 
orifice, than on the opposite side with a level of 
significance of 0.01% for recirculation and non-
recirculation tests. The floor load distribution can be 
explained as a direct result of vertical pressure distribution 
on the bin floor. Results from a full-scale study reported by 
Schwab (1989) showed that the vertical pressure on the 
floor of a bin during center discharge increased as the 
distance from the oriflce increased. It is assumed that a 
similar shape of vertical pressure distribution 
(i.e., increasing pressure with increasing distance from the 
orifice) occurs around the off-center orifice. This could 
cause the uneven load distribution observed among the 
three load cells supporting the floor. 
Figures 3, 4, and 5 present measured values of wall and 
floor loads determined in non-recirculation off-center 
discharge process for an orifice eccentricity ratio of 0.833. 
The data was collected for the orifices located on two 
eccentricity axes. The first set was collected with the 
orifice directly aligned with the load cell, and the second 
set split the angle between two load cells. The angular 
coordinates of the load cells are 90°, 210°, and 330° which 
correspond to the eccentricity axis aligned with the load 
cells. The angular coordinates 30°,150°, and 270° 
corresponds to the eccentricity axis that splits the angle 
between the load cells. The loads are plotted on the same 
graph of load versus angular coordinates shown in figures 
3, 4, and 5. The dynamic loads on the bin floor and the bin 
wall were approximated by the sine function: 
1000F 
F(a) = F ,^+ F^ sin (a + a^) (9) 
by the method of least squares, preceded by a 
determination of the value of the angle of phase shift, CCQ, 
defined by equation 5. Comparing the set of equations 6, 7, 
and 8 with equation 9, it can be seen that the average load, 
Fo, provides a statistical evaluation of the total vertical 
load, Fz, while the amplitude of the load distribution. FA, 
MEASURED 
PREDICTED DISCHARGING 
PREDICTED FILLING 
90* 150' 210* 270" 330* 
ANGULAR COORDINATE, d ( d e g ) 
Figure 4-Vertical wall load distribution (measured and predicted) 
during off-center discharge of wheat for the orifice eccentricity ratio 
of 0.833 for load cells at bottom of the cylinder. 
gives a statistical evaluation of the resultant horizontal 
moment, M term of equation 6 through 8. 
Data presented in figure 4 was collected in an 
experiment with the bin wall cylinder supported on load 
cells located at the base of the cylinder, while the data in 
figure 5 was collected earlier (Horabik et al., 1988) in an 
identical experiment, except the bin wall cylinder was 
supported at the top of the cylinder. The dashed lines on 
both figures denote the distribution of loads measured 
immediately after the filling and after a equilibration period 
of 0.5 h (lower line). Solid lines, starting with the top curve 
downward, represent successive instantaneous distributions 
of dynamic loads measured at 4 min intervals beginning 
with the initiation of discharge. The lowest solid line 
corresponds to the height to diameter ratio, H/D, equal to 
1.5, when enveloping flow was observed. The function 
closely approximates the experimental load measurements 
representing the instantaneous of dynamic loads. 
Correlation coefficients, r2, were larger than 98% for the 
sine function approximation of the load during the off-
center discharge process.Values of the moment, M, and the 
angle of phase shift, ao, corresponding to each sine curve 
during off-center discharge are presented in Tables 1 and 2. 
The maximum of the wall load distribution occurred on 
the side nearest the discharge orifice for both bottom 
(fig, 4) and top (fig. 5) location of load cells supporting the 
wall cylinder. The angle of phase shift, OCQ, was nearly zero 
for both locations of the wall cylinder support, with an 
orifice eccentricity ratio of 0.833. This means that the 
resultant moment exerted on the bin wall had the same 
direction, towards the off-center orifice, for both locations 
90* 150* 210* 270* 
ANGULAR COORDINATE,d ( d e g ) 
Figure 3-Floor load distribution (measured and predicted) during 
off-center non-recirculating discharge of wheat for the orifice 
eccentricity ratio of 0.833. 
MEASURED 
PREDICTED DISCHAR6TNG 
— PREDICTED FILLING 
90° 150° 210° 270° 330° 
ANGULAR COORDINATE , a ( d e g ) 
Figure 5-Vertical wall load distribution (measured and predicted) 
during off-center discharge of wheat for the orifice eccentricity ratio 
of 0.833 for load cells at top of the cylinder (Horabik et al., 1988). 
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TABLE 1. Moments exerted on the wall and floor of the bin during 
discharge for an eccentricity ratio of the bin oriflce of 0^33 
Height 
to diam-
eter 
ratio 
H/D 
4.00 
3.88 
3.62 
3.32 
3.02 
2.72 
2.42 
2.12 
1.82 
1.53 
Moment 
(bottom 
support) 
M(Nm) 
238.6 
279.1 
264.2 
246.8 
230.6 
225.5 
210.6 
176.9 
161.4 
135.9 
Bin Wall 
Angle 
of phase 
shift 
ctoO 
0.76 
0.87 
138 
1.47 
1.73 
1.17 
0.64 
0.79 
-1.15 
-2.73 
Correl. 
coef. 
r^ (%) 
99.8 
99.4 
98.7 
99.5 
99.3 
99.7 
99.6 
99.0 
99.9 
99.8 
Moment 
M(Nm) 
170.5 
164.4 
151.1 
137.8 
128.9 
124.6 
112.7 
85.3 
74.9 
61.2 
Bin Floor 
Angle 
of phase 
shift 
otoO 
184.00 
180.03 
180.41 
177.77 
179.55 
179.06 
180.67 
180.87 
183.09 
183.76 
Correl. 
coef. 
99.9 
98.2 
99.1 
99.8 
99.4 
99.2 
98.8 
98.1 
98.1 
%.7 
Mean 
± 
S.D.. 
217.0 
± 
47.0 
0.49 
± 
1.38 
121.1 
± 
37.5 
180.92 
± 
2.07 
of wall support. That moment was generated by the 
differences in horizontal pressures and tangent forces on 
opposite sides of the bin wall. The contribution of the 
difference in tangent forces on the opposite sides of the bin 
wall to the resultant moment, was several times smaller 
than the contribution of the difference in horizontal 
pressures because the arm of the tangent force (radius of 
the bin) was smaller than the arm of the horizontal force 
TABLE 2. Moment exerted on the bin wall supported at top of the 
cylinder during discharge for eccentricity ratio of the 
bin oriflce of 0.833 (Horabilc et al., 1988) 
Height to 
diameter ratio 
H/D 
Moment 
(top support) 
M(Nm) 
Angle of phase 
shift 
OCoO 
Correl. coef. 
r^%) 
4.04 
3.84 
3.64 
335 
3.04 
2.73 
2.42 
2.12 
1.79 
1.50 
342.6 
892.4 
885.0 
875.1 
886.0 
859.7 
852.2 
845.1 
832.3 
816.0 
2.49 
1.92 
1.98 
1.88 
1.86 
1.60 
1.75 
1.78 
1.75 
1.60 
99.5 
99.8 
99.8 
99.8 
99.8 
99.8 
99.8 
99.8 
99.8 
99.8 
Mean 
± 
S.D. 
808.6 
± 
165.6 
1.86 
± 
0.25 
(mean value of vertical distance between load cell location 
and location of any point on the bin wall) and tangent force 
is several times smaller than nominal force (friction 
coefficient on the smooth galvanized steel was about 0.2). 
Bucklin et al., 1990, evaluated the contribution of the 
difference in tangent forces on the opposite sides of the bin 
wall to be about 6% of the contribution of the difference in 
horizontal pressure. Therefore, the contribution of the 
tangent force to resultant moment was neglected in 
figure 6, to clarify the further considerations of a possible 
relationship between horizontal pressure distribution and 
, Ml 
M 
Moment condi-
tion for a bin 
with wail sup-
port at the 
bottom. 
M 
Moment condi-
tion for a bin 
with wall sup-
port at the top. 
M2 
^ 
OPPOSITE 
SIDE 
M^=M2+h(Vf2) 
M>M. 
M 
Difference be-
tween the two 
conditions of 
support. 
OUTLET 
SIDE 
WALL^FRESSURE 
Hypothetical shape of horizontal pressure distri-
bution. 
H 
h 
M 
Ml 
M2 
«! 
" 2 
; = Horizontal forces representing contribution of circumferential nonuniformity of horizontal pressure to resultant moment, 
= Depth of grain in the bin (M), 
= Vertical distance between top and bottom locations of the wall support (m), 
= Horizontal moment exerted on bin floor (Nm), 
= Horizontal moment exerted on the bin wall supported at bottom of the cylinder (Nm), 
= Horizontal moment exerted on the bin wall supported at top of the cylinder (Nm), 
= Horizontal pressure on the side of the bin wall nearest to the orifice (Pa), 
= Horizontal pressure on the side of the bin wall opposite to the orifice (Pa). 
Figure 6-IIIustration of the bottom and the wall moments and hypothetical shape of the horizontal pressure distribution. 
990 TRANSACTIONS OF THE ASAE 
the resultant moment of force. Figure 6 illustrates the 
directions of moments obtained in these experiments. An 
assumption that horizontal pressure is larger on the side 
nearest the orifice (Pieper, 1969; Thompson et al., 1986) or 
on the opposite side (Jenike, 1967; Colijn and Peschl, 
1981) is not sufficient to explain the same direction of the 
moment found for both locations of the wall supports 
obtained in this experiment. For a horizontal pressure 
which is larger on one side of the bin rather than on the 
opposite side, the resultant moment must have opposite 
directions when component forces are measured at the top 
and bottom of the wall cylinder. This situation can be 
illustrated by a horizontal force located at some height on 
the bin wall, representing a simplified contribution of the 
circumferential, non-uniform, horizontal pressure to a 
resultant moment. In actuality, the wall pressure 
distribution is more complex. The same directions of the 
resultant moment for top and bottom locations of the wall 
support, obtained in this experiment, means that the 
contribution of the circumferential, nonuniform, horizontal 
pressure to the resultant moment cannot be represented by 
one horizontal force. Rather, two horizontal, parallel forces 
of opposite directions representing a simplified 
contribution of the difference in horizontal pressure on the 
opposite sides of the bin wall (f i and f2 as an example in 
fig. 6) located at different heights are necessary to generate 
the observed moments. This means that the horizontal 
pressure development on the bin wall is not a 
homogeneous function of the cylindrical coordinates but 
depends on the height from the floor. For the part of the bin 
wall close to the floor, the horizontal pressure is larger on 
the side opposite to the orifice (force f2 in fig. 6), while for 
locations higher above the floor, perhaps in a region where 
the grain flow direction changes from vertical to radial, the 
horizontal pressure is larger on the side nearest to the 
discharge orifice (force f 1 in fig. 6). 
The eccentricity ratio of the orifice location significantly 
influenced the wall and floor moments at the 0.01% level 
for recirculation and non-recirculation tests. Figure 7 
presents the wall and floor moments as affected by 
different eccentricity ratios during recirculation of grain for 
a height to diameter ratio, H/D, of 4. The maximum of 
moments exerted on the wall and floor were observed at 
the bin orifice eccentricity ratio equal to 0.5. Figure 8 
presents the wall and floor angles of phase shift, ao, as 
effected by different eccentricity ratios during recirculation 
of grain for a height to diameter ratio, H/D, of 4. The angle 
of phase shift calculated for the wall was close to zero for 
orifice eccentricity ratios larger than 0.333 and the angle of 
phase shift calculated for the bottom was close to 180° for 
orifice eccentricity ratios larger than 0.333. 
In the case of central discharge, the wall and the floor 
moments were several times smaller than those obtained in 
the off-center discharge but were larger than zero. The non-
zero moments obtained in the case of central discharge 
results fi-om inherent imperfections of the bin. The angle of 
phase shift of 136° for the bin wall and 310° for the bin 
floor for central discharge indicates the direction of initial 
imperfections of the bin. Scatter of the angle of phase shift 
obtained in the case of central discharge results in a 
standard error of the mean value 10 times larger than 
values from off-center discharge. For an orifice eccentricity 
ratio of 0.167, the angle of phase shift of T for the wall 
0.167 0.333 0.5 0.667 
ECCENTRICITY RATIO 
0.833 
Figure 7-Wall and floor moments with 95% confldence intervals as 
effected by eccentricity ratio of the bin oriflce during discharge with 
recirculation of grain for height to diameter ratio, H/D, of 4. 
and 186° for the floor results from the influence of initial 
imperfections of the bin and off-center discharge. For 
orifice eccentricity ratios higher than 0.167, the influence 
of the initial imperfections on the direction of the resultant 
moment was decreased. The moment exerted on the bin 
floor was smaller than the moment exerted on the bin wall. 
0.333 0.5 
ECCENTRICITY RATIO 
Figure 8~Wall and floor angles of phase shift, OQ, with 95% 
confidence intervals as afTected by eccentricity ratio of the bin oriflce 
during discharge with recirculation of grain for height to diameter 
ratio, H/D, of 4. 
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The moment on the bin floor was 58% to 73% of the 
moment exerted on the wall depending on the orifice 
eccentricity ratio. The contribution of the difference in 
horizontal force on the opposite sides of the bin wall to the 
resultant moment of force measured by three load cells 
supporting the wall depends on the vertical location of the 
load cells because the arm of this force is equal to vertical 
distance between load cell location and location of non-
uniform horizontal force on the bin wall. Therefore, the 
measured value of moment was about four times larger in 
the case with the wall supported the top than in the case 
with the wall supported at the bottom of the cylinder. In the 
case of the bottom support of the wall, the load cells were 
still located 0.18 m higher than load cells supporting the 
floor. If the load cells supporting the wall were located 
0.18 m lower (i.e., located exactly in the position on the 
load cells supporting the floor) the moment on the bin wall 
would have the same value and the opposite direction as 
the moment on the floor. The existing difference in values 
of calculated moments results from the vertical distance of 
0.18 m between load cells supporting the wall and the 
floor. 
CONCLUSIONS 
• Floor loads during eccentric discharge were smaller 
on the side nearest the discharge orifice than on the 
opposite side. 
• The horizontal bending moment exerted on the bin 
wall calculated from forces measured at the top of 
the wall cylinder, was approximately four times 
greater than the moment calculated from forces 
measured at the bottom of the wall cylinder while the 
direction for the moment was shown to be 
independent of the location of the force 
measurements. 
• The horizontal pressure distribution around the bin 
depends on the height from the floor. For the portion 
of bin wall close to the floor, the horizontal pressure 
is larger on the side of the wall cylinder opposite the 
discharge orifice, while for locations higher above 
the floor, the horizontal pressure is larger on the side 
nearest the discharge orifice. 
• The horizontal bending moments exerted on the bin 
wall and the bin floor were influenced significantly 
by the orifice eccentricity ratio, reaching a maximum 
moment at the orifice eccentricity ratio equal to 0.5. 
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NOMENCLATURE 
Description Units 
a 
ai 
as 
FA 
F(a) 
Fz 
Fo 
Fi 
F2 
Fs 
M 
Mx 
Mv 
(x,y) 
Angular coordinate degrees 
Angle of phase shift degrees 
Angular coordinate of the load cell 1 degrees 
Angular coordinate of the load cell 2 degrees 
Angular coordinate of the load cell 3 degrees 
Amplitude of the load distribution N 
Load for any angle a N 
Total vertical load N 
Average vertical load N 
Reaction force of the load cell 1 N 
Reaction force of the load cell 2 N 
Reaction force of the load cell 3 N 
Resultant horizontal moment Nm 
Horizontal moment about the x-axis Nm 
Horizontal moment about the y-axis Nm 
Distance of the load cell from the 
center of the bin m 
Cartesian system coordinates 
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